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USE OF STRAIN-RANGE PARTITIONING FOR PREDICTING
TIME-DEPENDENT, STRAIN-CONTROLLED CYCLIC
LIFETIMES OF UNIAXIAL SPECIMENS OF
2 1/4 Cr-1 Mo STEEL, TYPE 316
STAINLESS STEEL, AND HASTELLOY X

¢. R. Brinkman, J. P. Strizak, and M. K. Booker

ABSTRACT

The concept of strain-range partitioning was

i used to estimate the cyclic 1life of uniaxial spec-
| ' imens subjected to strain-controlled, fully reversed
| cycling at constant temperatures within the creep
range. Strain-time waveforms consisted of ramp
loading with tension, or compression, or both ten-
sion and compression hold perlods at peak strain.
Materials examined included 2 1/4 Cr-1 Mo steel
‘in the annealed condition, solution-annealed
Hastelloy X, and solution-annealed, thermally aged,
or irradiated type 316 stainless steel. Inelastic
strain 1life relationships were either developed
directly from appropriate experimental data or ob-
tained via the ductility normalizaticn concept and
used with the interaction damage rule. Generally
good agreement between experimental and predicted
cyclic lifetimes was found, although a number of
uncertainties were identified and discussed. In
the case of 2 1/4 Cr-1 Mo steel, extrapolations
were performed to indicate the influence of hold
periods of up to 100 hr at various strain ranges.

INTRODUCTION |

Operational cycles of advanced nuclear reactor power
generating systems include power adjustments, response to
emergency or hypothetical accident situatiohs, and refueling.
This mode of operation will subject structural material

Ccomponents to eyelic strain-controlled loading conditlons at




elevated temperatures such that the possibility of time-
dependent fatigue and creep damage must be considered in their
design. Typically, these cycles produce strain ranges that

are small, normally being less than about 0.5% with hold. periods
that are projected to range from as low as perhaps 10 to as

high as 1000 hr and with design lifetimes of 30 or 40 years.
Accordingly, appropriate elevated-temperature, strain-controclled
fatigue data must be generated in the laboratory and.methods
developed which will allow extrapolation to conditions antic-
~ipated in actual service.

It was the objective of this paper to apply concepts of
strain-range partitioning to predict the strain-controlled,
time-dependent fatigue behavior of several structural materials
projected for use in the High-Temperature Gas-Cooled Reactor
(HTGR), the Fast Breeder Reactor (FBR), and the Brayton Isotope
Power System (BIP3). Comparisons were made between predictions
and data generated under isothermal and unilaxial loading coﬁ—
ditions for annealed 2 1/4 Cr-1 Mo steel (482-538°C), type
316 stainless steel (593°C) in both the irradiated and unir-
radiated conditions, and solution-annealed Hastelloy X (871
and 704°C). 1In the case of 2 1/4 Cr-1 Mo steel, extrapolations
of" ¢cyclic peak and relaxed stress ranges were performed by
several different methods in order to predict the shape of
hysteresis loops resulting from both high and low Strain—range
loading conditions such that the inelastic strain ranges
necessary for use in the method of straln-range partitioning
could be estimated. These values were then employed to develop
fatigue life reduction factors as a function of hold time for

several different isostrain-range loading conditions.
The effort presented herein represents an interim report

of ongoing test activity and an evaluation of several different
methods for extrapolating and correlating uniaxial time-dependent
fatigue data.
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EXPERIMENTAL MATERIALS AND PROCEDURE

Annealed 2 1/4 Cr-1 Mo Steel

Material used in generating much of the data reported
nerein was taken from commercial heats of 2 1/4 Cr-1 Mo steel.
This consisted of 25-mm-thick (1-1in.) plate obtained from
Babcock and Wilcox Company, heats 20017 and 3P5601. Chemical
analyses of representative material from the plates are
compared in Table 1; the other data are in Table 2.

Table 1. Chemical Composition of Alloys

Content, Wt 3

Alloy Heat . Analysis
Te < M S1 {r Mo 4 K] p N Co B
2 1/4 Cr-1 Mo 20017 Vendor Bal 0.11 0.55 ©.29 2,313 0.90 0.0xtk  0.002  0.012
ORNL Bal 0,135  0.57 0.37 2,8 0.92 0.16 0.016 ©¢.012

3F5601 Vendor Bai 0,12 0,35 0.27 2.3 0.96 0.20 0.022 ¢.009 0.013
Hastellay xa 2600-3-U936 Vendor 19.09 0.07 0.58. o.44  21.82 9.4 Bal <0.006  0.016 " 1.68 <0,002
Type 316 SSb B65808 Vendor Bay 0.06 .72 0.0 17,30 2,33 13.30 0,007  0.012 0.030 0.0005

2p1s0 0.63 W.

Py1so 0.065 Cu, 0.003 Ti, 0.0014 Fb, 0.013 Sn, 0.012 Al.

Table 2. Product Form and Grain Size of Alloys

Product Grain Size
Alloy Heat Specification —
Form ASTM  (om)
2 1/4 Cr-1 Mo 20017 Plate ASME SA-387 Grade D 4U-5 55-80
3P5601, Plate ASME SA-387 Grade D 5 55
Hastelloy X 13-mm (1/2-in.) ASME SB-435 ] 78
Plate (NO 6002)

Type 316 SS Rod ' _ 4 80



Sections of the plates were heat-treated according to the
following schedule, which 1s referred to as an isothermal
anneal:

Austenitize at 927 + 14°C for 1 hr, cool to 704 =

14°C at a maximum cooling rate of 83°C/hr, hold

at 704 + 14°C for 2 hr, and cool to room temper-

ature at a rate not to exceed 6°C/min.
Examination of the microstructure of the plate material indicated
that the steel contained proeutectoid ferrite, fine pearlite,

and some bainite.

Hastelloy X

Specific details concerning the product form, heat number,
grain size, and chemical composition of the Hastelloy X are

given in Tables 1 and 2.

Type 316 Stainless Steel

Type 316 stainless steel referred to in this Investigation
came from heat B65808. Specific details are given in Tables 1
and 2.

Specimeh Preparation

Following heat treatment, as given above, specimen blanks
of either 2 1/4 Cr-1 Mo steel or Hastelloy X were cut from the
plate material. Blanks were generally pre?ared such that their
longitudinal axes were parallel to the plate rolling diTection.
Fatigue specimens had an hourglass-shaped gage sectlon config-
uration with a radius-to-diameter ratio (R/D) of 6. The mini-
mum diameter of the fatigue specimens was either 6.35 mm
(0.25 in.) or 5.08 mm (0.2 in.).

In the case of type 316 stainless steel, all the data

were taken from the open literature!~3 and no new tests were




performed. Data were available from tests that had been conducted

on type 316 stainless steel in three conditlons:

Condition Treatment

Solution annealed Solution annealed 1/2
hr at 1075°C followed
by a helium guench

Aged Aged 3096 or 5040 hr
at 593°C in helium-
filled capsules or aged
1000 hr at H65°C

Irradiated , Irradiated in helium-
filled capsules in
Experimental Breeder
Reactor II to a [luence
of 1-2.63 x 1026 n/m?
(E>0.1 MeV). The ir-
radiation temperature
was 580 to 610°C

Test Procedure

Fully reversed axial push-pull testing was accomplished
in closed-loop electro-hydraulie fatigue test machines. Axial
strain éontrol was maintained by employing a dlametral extenso-
meter and a simple diametral-to-axial strain computer. Total

strain range, Aet, was thus determined by the relation

Aet = (Ad/E){(1 — 2v) — EAed, _ (1)

where F is Young's modulus, v is Poisson's ratio, Aed is the
diametral strain range, and Ac is the peak-to~peak stress range
from the hysteresis loops. Heating of the specimens was accom-
plished by induction, and all testing was accomplished in air.
Additional details of test procedure can be found elsewhere."

In addition to the continuous-cycling and strain hold-time
tests which were generally conducted at a ramp strain rate of
box 10_3/8, a numper of cyclic creep tests were conducted to

verify some of the basic strain-range life relationships for




annealed 2 1/4 Cr-1 Mo steel.® These tests were conducted
in air at 538°C and used a bumpless transfer computer system,
which kept the test in strain control for a given cycle except
during the hold period, when the test was in load control.
Switching from strain control to lcad control occcurred at the
onset of the hold period, when a predetermined load was achieved,
while switching from load control to strain control occurred
at the end of the cycle hold period when a predetermined strain
level was obtained. Creep deformation fthus occurred each cycle
ahd showed a general acceleration in creep rate as the cycles
were continued toward specimen failure.

A complete summary of test data obtained to date for
2 1/4 Cr-1 Mo steel is given in Appendix A.

RESULTS

Annealed 2 1/4 Cr-1 Mo Steel

Results of the cyclic creep tests on annealed 2 1/4 Cr-1 Mo
steel'are,given in Table 3. A visual comparison of the cyclic
creep curves generated for heat 3P5601 at the same stress level
for two specimens tested with either tension or compressive
creep hold periods indicated similar creep rates in tension
and compression. However, for heat 20017, a tendency for higher
creep rates in tenslon than in compression was observed. Com-
pressive cyclic creep rates of heats 3P56Q1 and 20017 were similar
for equivalent stress holds. Representative cyclic creep curves

are given in Appendix B.

Results of the cyclic creep tests given in Table 3 and
strain-controlled relaxation tests®?7 were combined with the
results of Manson et al.® to form the 1life relationship lines

via the Interation damage rule given by

1 Fpp ch qu Fec
TRl S A SR S (2)
pre Pp pe ep fo¥s;




where
Npred = predicted cyclic life,
Fcp = Aecp/Aein,
FPP ) AEpp/AEvln’
FPC ) AEpc/AEin’
Fcc = Aecc/Aein,

Aeén is the total inelastic strain range, while the inelastic

strain components are defined as follows:

Aepp = tensile plastic strain reversed by com-
pressive plastic strain,
Aepc = tensile plastic strain reversed by com-
pressive creep strain,
Aeép = tensile creep strain reversed by com-
pressive plastic strain,
Aecc = tensile creep strain reversed by com-
pressive creep strain.
Table 3. Summary of Cyclic Creep Data for 2 1/4 Cr-1 Mo
0
Steel Generated at 538°C
Observed
gl - Stress fold, HPa Inelastic Strain Components, % oycles Fariare,  Stress implitude, HPa
Specimen Heat. R - - Tea Tersite Compressive
?Jg}%e Tensile  Compressive A:ina aep,, Ascp Ae,, Aspp Fa’j;.zzzm f ) Tensile Compressive
ITL-62 PoGoL 2,98 218 2.66  2.33 .33 293 274 319, 2u8 .93
1606T 30317 2.37 248 2,65 2.25 0.4 320 133 312 248 0.490
ITP-11  3P5601  2.00 2u3 1.6 1.18 0.51 kg6 227 288 203 0.83
16005 20017 2.00 an3 1.69  1.42 0.27 509 202 305 2n3 0.1
ITT-18  3P5601 1.00 243 0.72  0.71 ol 1,38 15.4 252 2u3 0.68
16006 20017 1.00 243 0.2 0.37 0.35 1,252 29.3 248 2h3 0.75
ITF12 P5601  0.71 226 o.b 0,16 0.28 2,758 7.7 233 226 0.61
16016 20017 0.71 206 0.43  0.24 0.19 2,305 58.3 250 226 o.ga
ITT-17 3PS60) 0.56 207 2.32 . 0.13 0.1 2,593 59.0 221 207 o E
I607T 20017 0.56 209 0.31 0.1 0.7 3,248 231 209 U‘Bﬂ
ITT-20 3P5601  2.98 253 2.63 2.11 ¢.53 17 136 253 ERLS 0.9
16027 20017 2.97 250 2.62 2.8 0.11 158 23 230 36U 0.98
TTL-61  3P5601  2.00 201 1.65 1.30 0.39 532 172 2auy 303 o.gg
16047 20017 2.00 241 1.69 1.3 0.35 460 50,2 2u1 300 9. :
I608T 20017 2.00 246 1.68 1.42 Q.26 313 64.6 2ug 308 0.9
ITL-100  3P5601 1.02 241 0.73 0.28 0.45 1,180 7.6 2l 271 0.62
1603T 20017 1.02 241 0.71 0. bl 0.28 1,264 38.3 2L 28¢ .81
ITI-19  3P560F 0.2 217 0.4 0.14 0.3z 0,376 217 240 o.gg
16018 20017 0.72 222 0.43 0.31 0.12 2,473 222 2!75 0.
ITL-22  3P5601  2.96 252 245 2,68  0.16 1.72  0.80 315 aup 52 2h5 0.67
L60YT 20017 2.00 209 210 .77 0.05 1.08  0.64 534 120 209 219 0-53
ITi7g 3P5E01 1.0% 234 228 o.7h 0.06 0.28 0.4 1,527 36.6 234 228 0.
REGO7 20017 1.00 224 224 0.75  0.04 0.32 0.39 1,508 9.2 224 22k 0-32
ITL-68 3P5601 0.70 214 207 0.44 0.01 0.13 0.32 2,974 50.6 214 207 0.47

ACaleulated using a Young's Modulus value of 174 GPa.
b, .
Damage factor, Ppc' x Nobs/‘vpc' Fcp x Nnhs’/ﬂcp‘ or Fu % N/l

relationsh

ip.

The ramp strain rate was U x 1077/s.

Values should be greater than 0.5 in order to establish iife



Here "plastic" strain is defined at time-independent inelastic
strain, while "creep" strain is defined as time-dependent in-

elastic strain. Equations for the life relationship 1lines

thus obtalned were as follows:

Ncp - 255A€in—1.777', (3)
N,, = 4508e, ~1.2% ()
Npc = 38665in‘1-07 , (5)
o, = 52lae,,~2+87, Ae, < O0.U5T, - (6)
oy, = 1648ae, 124, e, > 0.45% ' (7N

where Aein values are measured in percent. It should be
noted that in formulating the best-fit 1ife relationship
lines expressed by Egs. (4) through (7), all cyclic creep

and relaxation data were employed, even though the particular
damage strain fraction® for a given test, e.g., @ =

(Fcc)(wobs
the case of the strain-controlled relaxation tests, particularly

/Ncc) > 0.5 for a "ecc" cycle, was not obeyed. In

those conducted at low total strain ranges, which was our
particular interest, the most dominant inelastic strain range
. was always Ae . However, it was thought appropriate to 1lnclude
the strain—controiled data in these formulations, since our
purpose was to generate guldeline relationships appropriate
for design conditions referred to in the introductory section
of this paper.

Equations (6) and (7) indicate that in the case of the
Npp = f(Aein) relationship expressed in log-log coordinatés,
a bilinear relationship was most appropriate (see Fig. 1).
Reasons for the break in the otherwlise linear relationship
on lop-log coordinates have been discussed elsewhere.’ A
comparison of the formulations given in Egs. (3) through (7)
with the appropriate formulations for this material as originally

propogsed by Manson et al.® generally showed good agreement




.(see Fig. 2). A comparison of the wvarilous 1ife relationships

ijs given in Fig. 3.

ORNL -DWG 77-14181

T
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10" 10° 10t 5 10 10 10 10"
PP

Fig. 1. Strain-Range Partitioning Life Relationship
Line for "pp" Strain for 2 1/4 Cr-1 Mo Steel.

Unlike comparisons between cyclic relaxation and cyclic
treep data made with the other 1life relationship line, Fig. 2c
also shows that the results of the strain-controlled or cyclic
relaxation tests fell somewhat below those of the cyeclic creep
tests. Therefore, as of this writing, it remailns an open gqueg-
tion as to whether or not the results obtained to date represent
normal scatter or, indeed, that an additional formulation is
required to best characterize the strain-controlled "ece" type
of loading. Figure 3 shows two possible formulations, one for
the strain controlled tests or '"ee(r)" and the other for load
control or "ee" loading. However, the data are limited and
therefore no attempt at separation was made in making predictions
[i.e., Eq. (4) was used in all calculations].
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With the life relationships, 1.e. Egs. (3)—(7), thus
established, the objective was to develop, for fully reversed
loading, estimates of the reduction in cyclic lifetimes due to
increasing hold periods {(times)} in strainicontrolled situations
over the temperature range U482 to 538°C. This estimation can
be accomplished via the method of strain-range partitioning
if satisfactory approximatlons of the hysteresis loops appro-
priate for a given strain range and hold time can be made.
Figure 4 shows an example of the changes in hysteresis loops
that normally occur for a given strain range and with increasing
- tensile-only hold times at elevated .temperatures. If one can

estimate or measure the appropriate steady state or stabilized

- stress ranges Aoy, Ac,,... Aoi, and assoclated total amount
of stress relaxation, i.e., Acrl, AGPQ,... Adri, for increasing
hold periods ti, #2,... ti’ then the key features of the pro-

Posed hysteresis loops and associated inelastic strain rangés
can be calculated.
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Fig. 4. Schematic Diagram of Typical Strain-Controlled
Hysteresis Loop Showing Changes in Stabillzed Stress Ranges
That Occur at a Constant Strain Range with Increasing Hold
Time.

The first step taken was to estimate total stress ranges
(Ao) associated with particular hold periods, strain ranges,
and temperatures. This was accomplished using the available
data base and extrapolating graphically on semilogarithmic
coordinates., stress range Gs time (see Fig. 5). It was also
found that log-log coordinates could be used. Estimates of
the relaxed stress amplitude (o) from the peak stress amplitude

{0y = A0/2) can be made in a number of ways as follows:

1. employing the Gittus relaxation equation
m

In(a,/0) = Ct | (8)

where ¢ and m are constants for a given strain range and
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temperature and are determined experimentally, and ¢
18 the required time for relaxation from o, to o;

2. using an appropriate creep equation to predict relaxation
behavior;?

3. using isochronous cyclic stress relaxation curves for
the material involved;

u, graphical extrapolation from known values of og.
In case of estimating the time~dependent fatigue behavior
of 2 1/4% Cr-1 Mo steel, only the first two methods were employed.

Hypothetical hystersis loop inelastic time-dependent and
-independent strain-range values were then calculated using the
following equations (assuming zero means stress):

1. Compressive or Tensile-Only Hold Periods

he, = Ae. + A, ' (9)
t in e
= E + A 3 ) (10)
Aain Aepc or Aacp Epp
- _ - 11
Agin Aet (Ac_ Aor)/E s (11)
Ae. = pAe, — (og + 0)/E (12)
in £

\ = = Eaad E 13)

Aspc or Aacp AOP/E (ag —0)/E , (

where Ae,, de. , Ae are the total, inelastic, and elastic

strain ranges, respectively, and F 1s Young's modulus.

2. Compressive and Tensile Hold Periods of Equal Duration

| AEin = Aepp + Aecc \ (14)
e, = Ae, ~ (Ao —-zaor)/g = Ae, — 20/F , (15)
be ., = bo /E = (og —.0)/E . (16)

Estimating the relaxed stress range, Acr, and hence the
inelastic strain components in the above manner obviously

introduces some uncertainty. Accordingly, estimated Aor
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values were multiplied by an arbitrary factor of 1.2 as a first
approximation to the possible uncertainty and in an effort to
see the impact of this variation at various strain ranges and

"pe," "ep," and "ee." Results of all

modes of damage, e.g.,
numerical calculations are given in Appendix C.

Figures 6 and 7 then show predictions of the influence of
inereasing the duration of compressive hold times to 100 hr,
imposed each cycle on the hold-time reduction factor, Nfo/Nh’

at a temperature of 482°C. The hold-~time reduction factor

is simply defined for a gilven strain range as the cycle life,
Nfo’ of a continuocusly cycled specimen for which the strain
rate was 4 x 107%/s divided by the estimated cycle life, ¥,
for the indicated hold time. Figure 6 shows estimates for a
single strain range, i1.e., 0.4%, and for the two heats of

2 1/4 Cr-1 Mo steel under investigation. Two bands, shown by
the slashed lines, the width of which is defined by 1.2 or
1.040,,, are shown, since these heats, 1.e., 3P5601 and

20017, characteristically show different high cycle fatigue
endurance levels at this temperature and strain range. Also
shown for comparison purposes are results of actual strain-
controlled fatigue tests conducted with the indicated compressive
hold periods. Estimates of the amount of stress relaxation,
AUP, projected for the stabilized hypothetical hysteresis
loops were achieved by using the Gittus equation to establish
the relaxed stress amplitude (o). The required Gittus equation
constants were obtained from an analysis of some of the ex-
perimental data shown in these figures. Also shown by the
dashed line is an estimate of the approximate duration of
hold period required to cause fallure in 250,000 hr at that
strain range, e.g., (35 hr hold per cycle) (289, 868 cycles
or continuous eycle life)/(40 hold-time reduction factor for
35 hr hold) = 253,634 hr.
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Figure 7 shows additional comparisons between experimental
results from both heats of 2 1/4 Cr-1 Mo steel for compressive
hold times and predicted estimates for total strain ranges of
2, 1.0, and 0.5%. No distinction between heats is made in
Fig. 7 since similar behavior was indicated at these strain
ranges. Characteristically, the width of the estimated pre-
dictive band Increases with decreasing strain range. Both
Figs. 6 and 7 show good agreement between estimated and actual
hold-time reductlion factors.

Fizures 8 and 9 show similar results for behavior at
482°C for various strain ranges involving tensile and both
tensile and compressive hold times respectively. In Fig. 6
the arrows assoclated with several of the data points 1indicate
where fallure would be predicted to occur from a knowledge of

the stabilized hysteresis loop for that particular test.
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Fig. 8. Comparison of Measured and Predicted Hold-

Time Reduction Factors for 2 1/4 Cr-1 Mo Steel Subjected ﬁo
Hold Tensile Times at 482°C,
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Figures 10w13, taken as representative examples, show
similar comparisons between experimentally generated strain-
controlled fatigue data obtained -at 538°C and predictilons
based on estimates of stress values from hypothetical hysteresis
loops. At this temperature, however, estimates of the relaxed
stress amplitude, o, and hence the relaxed stress range, AOP,
were made by two different methods. The first method employed
the Gittus equation with appropriate constants and was lidentical
in format as previously explained for the 482°C estimates. The
second method involved use of the ORNL creep equation for this
material as recently developed by Booker.? In the latter method

of estimating relaxed stress amplitudes, the resultant predictions
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o sndependent of the test data used for comparison purposes

eﬁcept for estimation of the peak stress range values, Ag,

which were obtained as explailned previously.
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Reduction Factors for 2 1/4 Cr-1 Mo Steel Subjected to
Cgmpressive Hold Times at 538°C. Relaxation behavior pre-
dicted by both the ORNL creep and Gittus Equation.
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538°C.

Characteristically, the Booker creep equation tends to
underpredlcet the amount of relaxabtion that occurs in the
first portion of a relaxation test, while the Gittus
equation may actually predict more relaxation than occurs
for long hold periods. Hence, estimates obtained by these
two methods in this case were used to serve as arbitrary
upper and lower bounds to the resultant predictive estimates
‘of hold-time reduction factors. Figures 10--13 show a ten-
dency toward convergence for the two methods as the hold

times approach 100 hr,
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Hastelloy X

Results“ of a continuous-cycling, strain-controlled
fatigue test conducted over the temperature range 649 to B871°C

showed that the low-cycle (80 to about 3 X 103 cycles) fatigue
1ife of this material was essentilally independent of temperature.
However, from about 3 x 103 to 105 cycles this same set of data
indicated a temperature dependence of fatigue 1ife, with the
871°C data falling somewhat below that of the 6H49°C data. These
findings suggest that a single temperature-~independent relation-

ship between cycle life of Npp and plastic strain range or time-

1ndependent inelastlc straln range, Ac. n; is appropriate,

‘particularly in the low-cycle reglon over this temperature

interval. Indeed, when a plot of plastlc strain range vs cycle
1ife was prepared as shown in Fig. 14, this was found to be

the case. Data are plotted from tests conducted at two strain
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ates which indicate that cycle life is independent of
strain rate for strain rates equal to or in excess of b x 10 3/s.
Figure 14 also shows that characteristically the scatter in

the data increases with decreasing inelastic strain range.

' Currently, results are available from both continuous-
cycling fatigue tests as shown in FPig. 14 and from strain-
. sontrolled hold-time tests.4 However, the required cyclic
creep btests have not been conducted to date such that the other
three required life relationships could be formulated directly
from applicable experimental data. Recently, however, Halford
ot al.!0 have proposed a set of ductility normalized equations
("Universal'). These equations can be used in the absence of
experimental data in conjunction with the interaction aamage
rule to obtain an estimate of time- dependent Fatigue 1ife of
a new material for which the required life relationships were
not or only partially available. Using the Npp relationship
given in Fig. 14 and the other three general Halford eguations,

the four required life relationship equations are as follows:

Npp = Ml6.2Aein_1°55 , - (17)
= “1.67

Npc 216.1(Aepc/pp) K (18)
- -1,67

,, = 216.10 (4e ) , (19)
= -1.67

Ncp 148.80@(Aecp) 7 (20)

where the time-~independent and -dependent inelastic strain ranges,

ce
Dc are true fracture tensile and creep~rupture ductilities

respectively, i.e., D = —1n{l -~ R.A./100), where R.A. is the

i.e., Ae. or Ae , Ae_ , Ae_ , Ae _, are in percent. D and
P c cp P

reduction of area given in percent.

Tensile ductility as a function of temperature is shown for
Hastelloy X along with several other allbys in Fig. 15. Interim
results of ongoing creep—rupture tests now in progress are

_glven in Filg. 16 and show available creep-rupture ductllities.
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Results presented in Figs. 15 and 16 show a ductility minimum
in the temperature regime of about 500 to 700°C, which is also
strain-rate dependent.
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Limited data from strain-controlled fully reversed fatigue
tests conducted with various hold periods are avalliable from
tests conducted at 704 and 871°C.* The total test time for
each of these tests did not exceed several hundred hours,
however, and most of the data were generated at fairly high
strain ranges, i.e., 2.0, and 0.6%. Appropriate ductilities
then used for estimating the cycle lives of these tests were

as follows:

Temperature, Tensile Ductility, Creep Ductility,
°C R.A., & R.A., %
704 . 37 50
871 &8 60

Comparisons of actual vs predictied fatigue life for the avall-
able test data are given in Fig. 17. While test times as in-
dicated above were short, the fatigue lifle reduction factors
due to hold periods fairly small, and the data presently
available limited, good agreement between actual and predicted
fatigue life is apparent.
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Type 316 Stalnless Steel

Time~independent inelastic strain range, Asin, or Aepp,
vs associated cyclic life, Npp’ values are plotted in Fig. 18
for three conditions or a single heat of type 316 stainless

steel. Specific treatments given this material prior to testing
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were cited earlier in this report. All of the data?s3 shown
in Fig. 18 were generated from continuous~cycling, strain-
controlled tests conducted at 593°C at a strain rate of

4 % 1073/s. The effect of a preaging thermal treatment

(3096 or 5040 hr at 593°C) was to displace the high-cycle
portion of the solution-annealed curve upward, thereby also
changing the slope of the aged relationship in comparison

to the solution-annealed line. Identical tests recently
conducted at 593°C on other heats of type 316 stainless steel
in the solution-annealed and aged condition have also verified
this agling effect. 1,12 A comparison of the equation given
in Fig. 18 for solution-annealed material was also made with
test results generated on heat B65808 in the solution-annealed
condition by two other laboratories.!® These data, however,
were generated at 565°C and showed excellent agreement, in-
dicating little temperature dependence or interlaboratory
variation over this range.

Since the other three required life relationship expressions
for this heat of material have not been generated to date, 1t
was necessary to again use the ductility scaling concept.
Saltsman and Halfordl!% have established the required relation-
ships for another heat of type 316 stainless steel at 7olh°C.
Accordingly, the required relationships for test waveforms
involving either tensile or compressive holds expressed in
terms of appropriate ductility scaling factors are as follows:

o olfo -
Ty, (DG593 /907 C)65.88Aacp 1-721 (21)

N
re

I

395.1(Aepc/pp593oc/0p7ouoc)“1'183 , (22)

where AEG and Ae o are expressed in percent, and Dp and Dé are
the appropriate tensile and creep ductilities respectively.
Appropriate ductilities for use in Egs. (21) and (22) as
obtained from the literature are given in Table 4. Tensile
ductility of another heat (65805) of type 316 stainless steel
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is included in Table 4. It shows similar behavior with respect
to thermal aging in comparison to heat B65808, i.e., a decrease
in tensile ductillity upon aging.

Table 4. Tensile and Creep Ductilities of Several Heats of
Type 316 Stainless Steel at 593 and 704°C

Reduction of Area, %
Temperature

Heat o Condition
) Tensile  Reference Creep Reference

NASA 704 o 64 10 77 10
B65808 593 Irradiated 29 2 3 15
B65808 593 Annealed 62 3 19 15
B65808 593 Aged? 47 2 19?

65805 593 Annealed 72

65805 593 Aged® 61

25040 hr at 593°C in helium.
bAssumed to be the same as annealed.

©5000 hr at 593°C vacuum.

Isothermal tensile and creep ductilitiles for heat 65808
are plotted as a function of strain rate in Fig. 19. Ductilitiles
for heat 8092297 are given for comparison purposes only. Tensile
and creep ductilitles are particularly strain-rate sensitive
over the temperature range 538 to 649°C as shown by the com-
parisons for these two heats of type 316 stainless steel.

Using the ductilities given in Table 4, the expressions
for Npp given in Fig. 18, Egs. (21) and (22), and the interaction
damage rule, estimates were performed of the fatigue 1ife of
test data given .in the literature.! 3 Comparisons between
actual and prediected cyclic lifetimes for test data available
on heat B65808, involving either tensile or compressive-only
hold times, are shown in Fig. 20. Particularly good agree-
ment between actual and predicted cyclic lives, considering
the many assumptions, is apparent for the data of the irradiated
material.
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DISCUSSION

Annealed 2 1/4 Cr-1 Mo Steel

As was stated initially, the objective of thils paper was
to evaluate the method of strain-range partitioning as a pre-
dictive tool for estimating time-dependent fatigue behavior
of several materials primarily at low strain ranges and for
long hold periods. In the case of annealed 2 1/4 Cr-1 Mo steel,
this was accomplished via hold-time reduction factor vs duration
of strain-hold time plots (Figs. 6-13), since the method not only
permits a direct comparison between pfedictions and available
iaboratory data, but also allows extrapolatlion to hold periods
that are appropriate to the design of nuclear reactor systems,
Further, plots of this type have been used hilstorically by the
formulators of ASME Code Case 1592 in establishing elastic
analysis curves for time-dependent fatigue behavior.

In the authors' view, the method of strain-range parti-
tioning was effective in predicting the general data trends,
particularly for the compressive strain hold data (Figs. 6,

7, 10, and 11), apparently the most damaging mode of loading in

air for this material at low strain ranges. Overall, the method
was found to work very well when the various life relatlon- '

ships [Egs. (3) through (7)] were accurately known.

Evaluation of strain-controlled situations at low strain
ranges usually requires extrapolating the essentially load-
controlled or cyclic-creep-formulated life relatlonships,

i.e., W

ep’?
The available strain-controlled data suggest that little error

Npc, and Ncc, down to low inelastic strain values.

was introduced in exfrapolating the W o relationship [Eq. (5)1.
However, in the case of "ee" type loading, extrapolating Eq. (4)
may introduce considerable error, resulting in predicting
excessive fatigue 1ife as shown by the fact that all of the
avallable strain-controlled data lie to the left of the "ee"
1ife relationship line given in Fig. 2c¢. This suggests that

either two relatlonships may be appropriate, i.e., one for
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strain and the other for load-controlled situations, or that

the data scatter is particularly large and additional data

are required to modify the existing 1life relationship [Eg. (4)7.
In the case of "pp" damage, 1t was shown that two equations

[(6) and (7)}] were required. In an effort to further sub-
stantiate this finding, continuous-cycling fatigue tests were
conducted on an additional heat (50557) of 2 1/4 Cr-1 Mo steel.
This heat contained a fairly low carbon content (C = 0.026 wt %),
but the results verified the bilinear "pp" relationship as
plotted on log-log coordinates. Data from this heat generally
scattered throughout the existing Npp life relationship data,
indicating that Egs. (6) and (7) were appropriate for the low-
carbon heat as well.

Another problem area associated with the method, and for
that matter any method, is that of defining the appropriate
stress ranges, i.e;, peak and relaxed, after long hold periods
at low strain ranges. Indeed, the material may not even exhibit
a stabilized hysteresis loop that 1s repeated from one cycle
to the next after an initial pericd of cyclic hardening or
softening. This was found to be the case for heat 20017,
which exhibited cyclic softening during much of the cyclic
life at low strain ranges.’

Defining the minimum strain range below which essentially
no stress relaxatlion occurs after prolonged hold periods, and
hence no time-dependent fatigue damage accrues, is another
problem area. Figure 21 shows an experimental stress relaxation
curve obtained after an initial period of cyclic hardening

. on heat 3P5601 at 538°C. The strain range was 0.2%.  Pre-
dictions of relaxation behavior by several different methods
are alsc glven for comparison. When this same heat of material
was cycled at 482°C and at a strain range of 0.30% with a
compressive hold period of 0.01 hr, no relaxation occured.
Instead, the stress required to maintain a constant strain

inereased, as the data in Table 5 indicate.
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40 ORNL.-DWG 77-204%6
10 I i l I | T | ] | = 20

2Ya Cr -1 Mo STEEL
120 : 538°C A¢,=0.2%
HEAT 3P5604 -1 16
100 —'\ . CYCLIC COMPRESSIVE RELAXATION

|
]

STRESS, ksi

STRESS, MPa

® EXPERIMENTAL DATA

PREDICTED FROM DIRECT FIT OF GITTUS
EQUATION TO INITIAL PORTION OF CURVE
TIMES INDICATE STRESS LEVELS FROM — 4
20 — WHICH EXTRAPOLATIONS WERE MADE

~~ — PREDICTED FROM CREEP EQUATION
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TIME, hr

Fig. 21. Cyclic Relaxation Behavior of 2 1/4 Cr-1 Mo
Steel Held at a Constant Strain Range of 0.2%. Comparisons
of predicted behavior are also shown.

This phenomenon, which is ramp-rate dependeht, as shown in

Table 5, 1is thought to be due to dynamie strain aging.

Table 5. Compressive Stresses Required tor Maintain a Constant
Straln Range of 0.30% with a 0.01-hr Compressive Hold in
Heat 3P5601 at 482°C,

: Inelastic
Ramp Strain Compressive Stress Amplitude, MPa Strain

Rate Range
(s7%) Beginning of Hold Period End of Hold Period (%)

Cycle

4 » 1073 193.1 20b4.8 - 0.08 405,000
b ox 1074 210.2 220.6 0.07 420,000
4 x 1073 196.5 205.5 0.08 438,000

In making estimates of long-term, time-dependent fatigue
behavior of this material, no attempt was made to ductility'

normalize the life relationships to account for a time—
dependent decrease in creep~rupture ductility. Creep-rupture
ductility data availlable (Fig. 22) for heat 20017 suggest
that this may not be necessary for temperatures in the range
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of 454 to 510°C. However, heat-to-heat variations are apparent,
and for temperatures much above 510°C, long-term estimates, e.g.,
lifetimes in excess of 10,000 hr, may require a modification
factor to account for a ductility loss. Long-term cyolié and
monotonic tests are under way to determine specific requirements.

ORNL-DWG 77-20498

100 :
T BT T T 7 TOmT T T T T 17707
2Y%4 Cr-1 Mo STEEL
90 FULLY ANNEALED CONDITION |
0.._____-__
eI \
o 80— ' MR ~— —
< -
&
<4 70 ]
ol
(&)
P
4 \
|&] h .
- 60 — TEST \\ —
8 HEAT  TEMPERATURE (°C) \
2 o 20047 454 . i\
50 — o 20047 510 \ —
¢ 20047 566 (HTGR HELIUM) ¥
© 11634 593 '
40 ~ ¢ 786DS 593 ' -]
e X-6216 593 (HTGR HELIUM) , .
30 P ITTHN Ll b P ree bbb L
10° 10 102 103 104 10°

TIME, hr

Fig. 22. Creep-Rupture Ductilities for Several Heats of
2 1/4 Cr-1 Mo Steel Tests in Air Except as Indicated.

Hastelloy X

Comparisons between expected cyclic 1life and actual cyclic
life from tests run to date have shown excellent agreement
(Fig. 17). However, test times to date have been fairly short,
such that reductions in continuous-cycle fatigue 1life due to
hold periods have not exceeded factors of about 4, Purther,
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additional verification tests at lower strain ranges are
required, since the data have shown increased scatter at
lower total and inelastic strain-range levels (Figs. 14
and 17). Purther, avallable creep-rupture data (Fig. 16)
indicate a precipitous drop in creep-rupture ductility
for test times in excess of about 2000 hr. Long-term
tests are required to determine whether a simple time-
dependent ductility modification will indeed compensate

for the low creep ductility.

Type 316 Stainless Steel

As was previously mentioned and shown in Fig. 20,
rather good results were achieved in nearly every instance
when comparisons were made between actual and predicted
1ifetimes for material in the irradiated condition. This
occurred even though all of the material had not been .
irradiated to exactly the same fluence level. It 1s believed
that for this material the ilrradiation conditions were
such that the reduction in ductility and fatigue life was
due primarily to the presence of agglomerated helium
(bubbles) at the grain boundaries.

Comparing the relationships for AEin Vs Npp for type
316 stainless steel in Fig. 18 for the three condltions,
i.e., annealed, aged, and irradiated, considered herein,
it is apparent that the déta indicate different slopes.
Scaling, then, in the case of the ¥ p relationships by a
simple ductility modification from, say, the annealed con-
dition to the irradiated or the aged condition would have
resulted in some error, since scaling displaces the relation-
ship but does not change the slope of the life relation-
ship line. In the case of the aged material, a prior thermal

aging treatment increased the fatigue 1life in the intermediate
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cycle regime (10° to 3 x 10* cycles), while the short-term
tensile ductility (Table 5) actually decreased somewhat
relative to the material in the annealed condition. Filgure 18
indicates a crossover between the Npp relationships for material
in the aged or annealed condition at about 100 cycles such that
the Npp line for apged material.lies above that of the annealed
material for cyclic lives in excess of 100. Accordingly, then,
a ductility modification of the annealed life-relationShip line
to establish one for the aged material would have actually dis-
placed the "pp" line in the wrong direction for cyclic lives in
excess of about 100 cycles.

Flgure 20 indicates that agreement between actual and
predicted lifetimes for material in the aged and to a lesser
extent in the annealed condition for tensile hold times was
generally not as good as that for the corresponding comparisons
for material in the irradiated condition. The reasons for this
inérease in scatter are not known, but of course may be due to
heat-to-heat variations and the scaling assumptions necessary
to ebtain the required life relationship. line, i.e., "ep", given
as Eq. (21). Accordingly, cyclic créep tests will be initiated
on this heat of material at 593°C to verify Eq. (21).

A guestion that one might loglically ask in cohjunction with
the use of the ductility scaling CdHCEpt is how sensitive are
the predicted cycles to failure to changes in or gignificant
errors in the estimation of appropriate ductilities. To at
least partially answer this question, calculations of the pre-
dicted cyclic lives were compared for the irradlated stainless
steel using the actual creep-rupture duetility, i.e., R.A. = 3%
29%.
‘Thus the creep-rupture ductility was arbitrarily assumed equal
to the tensile ductility as given in Table 5. Actual cyclic

life and predicted values, using the above creep-rupture

Il

from Table 4, and a significantly highér value, i.e., R.4.

ductilities, are compared in Table 6. These results from
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calculations using the uwy M pelationship for irradiated
material given in Fig. 18, Eq. (21), and the interaction

=damage rule indicated that predictions were sensitive to

the input ductilities.

Table 6. Comparisons between Predicted Cycles to Fallure,
Using Different Creep-Rupture Ductilities (R.A.) for
Irradiated Type 316 Stainless Steel®

Total Durgg}on Predicted Cycles Actual
Specimen %SPaln Tensile fo Fallure C%fles
ange Hold : .O
B (nr) R.A. = 3% R.A. =29% Tallure
D-104 1.0 5.0 48 386 27
p-108 2.0 5.0 10 98 10
D-109 1.0 0.5 100 570 60
; _ D-113 2.0 0.5 15 120 12
% D-106 0.5 0.1 1125 1409 75T
| - D-114 1.0 0.1 112 649 88
“Test temperature was 593°C.
CONCLUSIONS

The method of strain-range partitioning was employed to

i predict strain-controlled, time-dependent cyciic life.of a
number of structural materials, including annealed 2 1/4 Cr-1 Mo
steel, Hastelloy X, and irradiated and unirradiated type 316
atainless steel. 'The following are specific conclusions:

f . 1. Plots of disostrain-range hold-time reduction factors
i vs duration of hold time were established for two heats of
annealed 2 1/4 Cr-1 Mo steel at 482 and 538°C. Influence of
either tension, compression, or both tension and compression
strain holds was estimated for dwell periods of up to 100 hr

on the continuousncycle‘fatigue life. A comparison between
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actual and estimated cyclie lifetimes (cycles) generally showed

good agreement, particularly in the case of the compression-

only strain hold situation.

2. Wheréas only one of the four required life relation-
ship equations was directly available for predicting cyclic
lifetimes (cycles) for Hastelloy X, ductility scaling or norm-
alization provided the required relatiohships for interim use.
Comparisons between.predicted and actual lifetimes (cycles)
for relatively short-term experimental data gencrated at fairly
high strain ranges at both 704 and 871°C showed good agreement.

3. Good agreement between predicted and actual cyclic
lifetimes (cycles) was generally found for irradiated type 316
stainless steel. Agreement between actual and predicted cycles
to failure was not so good for material in the preaged condition,
i.e., up to about 5000 hr at 593°C. The increased scatter for
aged material may have been due to some uncertainty in use of
the available "ep" 1life relationship.

4, Specific problem areas or uncertalntiles, not necessarily
unique to strain-range partitioning, that contribute to the
uncertainty in making predictions for low-straln-range, long-
hold-time situations were discussed and are as follows:

a. extrapolation of life relationship equations to low in-
elastic strain ranges that were generated primarily from
load-controlled short-term ¢yclic creep tests;

b. . heat-to-heat variations which cause differences in con-
stitutive behavior;

¢. metallurgical and strain-rate-induced changes or insta-
bilities such as thermal aging résponse, strain aging,
and creep-rupture ductility changes;

d. endurance limits or strain ranges below which time-dependent
effects are expected to be nonexistant.

Other important factors such as cumulative damage and
environmental (atmosphere) effects were not discussed in this

paper but will be addressed in subsequent reports.
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summary of Strain and Load
Controlled Fatigue Data
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LOAD CONTROLLED

| SPECIMEN | COMMENTS {
!  NUMBER | {
Vo 1_ ——— {
| | |
[ 1—13= | TEST RJN IN STRAIN |
| | CONTRIL{1.Z STRAIN |
| | PANGEIFIR FIRST 20 CYCLES. |
{ ! !
f %-11% | FQ INCREASED FROM 1 AFTER [
| | 1000 CYCLES: MEAN STRAIN |
| | 0.1«0,%;ED=ABNUT 64000 FO R |
| | FIRST 300 CYCLES {
t | 1
| 59MTL* | AXTAL STIAIN RANGE=0.21% f
| I WHEN TEST STIPPED AT 1
{ | 77275320 CYCLESIFQ |
| | INCREASED F ROM 1 AFTER |
| { 1000 CYCLES i
t | }
| T4MTL { FQ INCREASED FROM 1 AFTER |
I } 1000 CYCLESI4EAN STRAIN {
{ [ ABNUY ¢0.072 [
| ! 1
I M=14% I TEST RJN 1IN STRAIN |
f | CONTRIL{STRAIN=.162 TO |
t | CYCLE 245, THFN 33%Z T0 CYCL |
| | £ 470, THEN ,35% TD CYCLE i
! { 7500 . 1
! | {
[ M-10% | FQ INCIEASED FROM 1 AFTER I
{ 3 | 1000 CYCLES:MEAN STRAIN !
f | ABOUY +0,15% |
| { |
| 73MTL | [
| { |
I sOMTL ( {
t ! i
1 48 MTL | STRATIN ANGE FROM DYNAMIC |
{ | MODULUS=0,2238 1
{ | |
t 49 MTL { STRATN RANGE USING DYNAMIC |
: I ¥DDULYS=0.239 |
: | !
| 46 MTL | STRAIN RANGE FROM OYNAMIC |
§ | MODULUS=0.246 {
[ | |
| &7 MTL { STRAIN JANGE FROM DYNAMIC |
| I‘MODULUS =0.2537 . |
i i 1
i TIMTL® 1 NO FAIL,TEST SUSPENDED 1
( I 1
{ 72MTL | t
t | [
1 43MTL i {
| | 1
{ TOMTL* | NO FAIL,TEST SUSPENDED t
[ ( |
I 4SMTL | 1
| | |
: 52MTL I !
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Lppendix B

Figs. AB-1 to AB-7 are
Represgentative Cyclic Creep Curves
Generated on 2 1/4 Cr-1 Mo Steel

(Predicted lines shown were calculated
from the creep equation in Ref. 9
assuming identical behavior in tension
and compression.) '
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. ORNL-DWG 76-15226R
[N S IR R A R

ENNG .~
] e BT HEAT 20017 .
*V\ _ /\ SPECIMEN 16009 .
12— W Ae=20% -
5\ / U é=4 1103500 ,
, 1000°F {538°C)
08¢ ¢ TIME—>= COMPRESSIVE STRESS HOLD =35.5 ksi (244 MPa) -
Ny = 504 CYCLES
.. 041 ty =202 hr =
g » INDICATES CYCLE NUMBER
£ o .
14
b

> WS PREDICTED FROM CREEP EQUATION (MODEL. 1)
a2 b %, BT By PREDICTED TIME TO RUPTURE, t,=4571hr -
PREDICTED TIME TO TERTIARY CREEF ty *16.73fr

| | 1 | j | | ] 1 | { | | I
o] © 20 30 40 50 60 TO B0 90O W00 1O 120 130 #WO 0
' TIME {min)

"FPig. AB-1. Creep Strain vs Time During a Creep-Fatigue
Test with a Compressive Stress Hold Period for 2 1/4 Cr-1
Mo Steel, Heat 20017, Tested at 1000°F (538°C).

. ) ORNL-DWG 76-16480R
1.4 T T | T T I T T T T T

12 » B 2
. > P > ] o ¥ +»
& » Wl Y

0.8

B 04 HEAT 20017 7
= SPECIMEN 1604 T
?_: 0 Ley =2.0% o -
© 1000°F (538°C)
TENSILE STRESS HOLD = 35.5ksi (244 MPa}
aad il . Ny = 460 CYCLES ]
14 =50.2 hr
o8l * INDICATES CYCLE NUMBER |
A2 1 L ! L [ L L 1 L 1 !
o 1 2 3 4 5 6 7 8 9 10 " 12

TIME. (min)

Fig. AB-2. Creep Strain vs Time During a Creep-Fatigue
Test with a Tensile Stress Hold Period for 2 1/4 Cr-1 Mo Steel,
Heat 20017, Tested gt 1000°F (538°C). ' .
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ORNL -DWG 76-15226R!

i 1 I | ! | I 1 1 I

HEAT 20017
SPECIMEN 16009
A€ r20%

STRAIN (%)

€+ 4 %103 /10
1000*F (538°C)
COMPRESSIVE STRESS HOLD = 35.5 ksi {244 MPo)
Ny = 504 CYCLES
ff = 202 hr
. #INDICATES CYCLE NUMBER

-

— e —

T ST PREDICTED FROM CREEP EQUATION
azb B BRI g ## \.IPREDICTED TIME TO RUPTURE, #, » 42.67hr —
PREDICTED TIME TO TERTIARY CREEP,fy =22.16hr
[ DR R R N U S R B N
0O 10 20 30 40 50 €0 70 B0 90 100 0 120 130 140 150
TIME (min) -
Fig. AB-3. Creep Strain vs Time During a Creep-Fatigue

Test with a Compressive Stress Hold Period for 2 1/4 Cr-1 Mo
Steel, Heat 20017, Tested at 1000°F (538°cC).

STRAIN (%)

1 1 |

ORNL-DWG 76-19§77
¥ 1 T

HEAT 20017
Aey=20%

Q=4 x10"Ysec

1000°F (538°C)

» INDICATES CYCLE NUMBER

—-— 16009 COMPRESSIVE STRESS HOLD = 35.5 ksi {244 MPa)

PROJECTED FROM ORIGINAL DATA, BUT NOT ON PLOT
THIS COMPARISON WAS MADE FROM

—— I608T TENSILE STRESS HOLD = 35.5ksi (244 MPa)

t I 1 I § 1 £ i | 1

4] 1 20 30

50 60 70O BO 80 100 110 120 130 140
TIME (min)

1.
40 150

Fig. AB~U. Comparisoné Between Cyclic Creep Curves
Generated for Either a Tensile "ep" or Compressive "pe” Load

Hold at the Same Stress Level.

tensile creep rate.

Note the tendency for a higher
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OANL-DWG T&-20321

HEAT 20087
SPECIMEN 16015
Aapm BO%

iv 4 210"V v

1000 F (538°C)
STRESS HOLD - 3541l (248 MPg)
24 M=
. LN
g bt m o owe ® & JiNDICATES CYCLE NUMBER

STRAN, « (R

Hay=3.0% ‘JI

L wy +36.0ks) {248 MOGF
.

" CYCLE 120

e *36.0 kyi (248 MPa)

2.4 A i 1 1 3 1 i i 1 Il ! 1 "

8 -

Y4 .ot

L i )\ I L i

Fig. AB-5,

1
10 12 4 6 1B 20 22 24 26 20 30 32 34 36 3@ 40 4

TIME {min)

L L
2 44 46 48 30 32 54 56 58 60 62 &4 66 €8 7O

Comparisons Between the Cyclic Creep Curves

for a Single Specimen Tested with Both Tensile and Compressive
Note differences in tensile and

Load Holds or "ee" Loading.
compressive creep rate.

-

STRAIN (%)
(@]
@

T I | I T
HEAT 3P5601

‘SPECIMEN ITL-64
Aey=20%

6= 410 ¥sec

1000°F (538°C)

TENSILE STRESS HOLD = 35.5 ksi (244 MPa)

Mg =532 CYCLES
ff= {73 hr

* INDICATES CYCLE NUMBER

o]

-

ORNL-DWG T76-19174R
T I T

2 (207.7 min} - -,
Y

0.4 -
0 ]
-0.4 - -
-08 - -
4.2 L 1 I 1 i 1 | i L L 1 1 L i
o 10 20 30 40 5 60 TO BO 90 100 110 120 130 140
. TIME {min)

150

Fig. AB-6. Cyclic Creep Curves for a Single specimen
Loaded with a Tensile or "ep" Hold.
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ORNL-DWG 76-15227R

T i I I | I I ! | {

——

6 .
SR HEAT 3PS601 —
;,,V\"_’ . SPECIMEN ITT-11
= ﬁ ; A€t=2.0% '
'.-..
w“r

TIME — COMPRESSIVE STRESS HOLD = 35.5 ksi (244 MPa) I

U €= 4 10" %/sec
1000°F (538°C)
Ny = 496 CYCLES

t,=227hr
» INDICATES CYCLE NUMBER

PREDICTED TIME TO RUPTURE, t,=45T1hr
PREDICTED TIME TO TERTIARY CREEP, t3=16.73hr |

‘PREDICTED FROM CREEP EQUATION {MODEL 1)

& " " @ ) N

I T T MO B (SRS N P S

C 10 20 30

Pig. AB-T.

40 50 60 T0 80 90 100 110 120 130 140 150
TIME (min)

Creep Strain vs Time During a Creep Fatigue

Test with a Compressive Stress Hold Period for 2 1/4 Cr-1
Mo Steel, Heat 3P5601. Tested at 1000°F (538°C).




Appendix C

Tables AC-1 to AC-10 contain the results of
calculations obtained using concepts of strain-
range partitioning. Tables AC-1 to AC-6 contaln
calculations for 2 1/4 Cr-1 Mo steel, Table

AC-7 contains calculations for Hastelloy X, and
Tables AC-B to AC-10 contain calculations for
Type 316 stainless steel.
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Table AC-6. Long—Hold—Pefiod Strain Components and Creep
Fatigue Lives for 2 1/4 Cr-1 Mo Steel at 538°C Calculated
In(og/o) = Ct0-1h -

Hold pPartitioned Straind Predicted Lives,b Cycles
° Aof2 Components (%)
Period (MPa) Strain Range Partitioning
(hr) ) Aspp Aeac . — .
p Tensile Hold Compressive Hold
Total Strain Range 0.4%, € = 0.55
0. - - - 48,595¢ 48,595¢
.01 202 0.027 0.027 e . 17,420
0.1 188 0.185 0.034 e 9,320
"1 182 0.192 0.044 e 71,349
10 178 0,196 0.056 e 5,904
100 174 0.201 0.068 e 4,909
Total Strain Range 0.5%Z, ¢ = 0.55
0 — - - 16,161 16,161
0.1 203 0.268 0.037 7,754 6,289
1 198 0.274 0.048 6,333 5,151
10 194 0.27¢9 0.061 5,192 . 4,257
100 191 .0.282 0.075 4,349 3,601
- Total Strain Range 0.25%, € = 0.3
) - - - 3,787,765 3,787,765
0.01 154 0.074 0.009 e’ L~ 45,845
0.1 158 0.075 0.017 e - 25,035
100 147 0.082 0.039 - e . 10,895
Total Strain Range 1.0%, ¢ = 0.80
0 — - - 2,513, 2,513
0.1 . 249 0.716 0.060 1,660 . 1,781
1 241 0.724 0.076 1,498 1,639
10 238 0.728 0.093 1,361 1,517
100 234 0.732 0.109 1,250 1,418
Total Strain Range 2.0%, ¢ = 0.80
0 - - — 839 839
0.1 293 . 1.665 0.071 ‘633 744
1 289 - 1.670 0.091 587 711
10 288 . 1.671 0.113 . 538 680
100 283 1.676 0.131 504 655

a"Creep" component may be Aepp or Aﬁcp'

bValues for mo hold time calculated from average values of continuous cycling fatigue data.
®Value for no hold time calculated from best fits to continuous cycling fatigue data, '
dDynamic Young's Modulus = 1.75 x 10°MPa

e
Values not calculated
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Comparison of Actual and Predicted Cyclic Lives
for Type 316 Stainless Steeld Tested at 593°C

Specimen
No.

Material
Condition

Inclastic Strain Range
Components, 7%

B3
oy
oo

D-223

D-213
D-214
D-193
D-211
D212
D-208
p-210
=143
D-139
D=-74
.D-148
. D-146
D-150
D-147
D~131
D-186
D-197
D200
D-188
D-129
D-198
D-144
D-194
D~142
D-164
D-184
D-145
D-173
D-141
B-177
b-300
D-162
D-184
b-190
D =79
b -77
D -8}
D78
D-88

.......
O OO
g

™~

-

.
0
[

*
.

.

bl

.
+

MO OUMFOOCOUNEHFECQOEOULWLMEERODO

N
.

o

[

i

.

co

-

.
+

o C
A

.

g

POl'-'NNI"-‘!-‘OOOO}-‘OI—'HHNNNNHNNE—‘NOOHI—'NNMNNNNOI—‘NN

Annealedad
Annealed?
Annealedd

‘Annealed?

Annealedd
Annealed?®
Annealedd
Annealed?
Annealed?
Annealed@
Annealeda
Annealed?
Annealedd
Annealed?®
Annealed?
Annealed®
Annealed®
Annealed?®
Annealedd
Annealed?d
Annealedd
Annealed®
Annealed®
Annealed®
Annealed2
Annealed®
Annealed®
Annealed2
Annealed®
Annealed?®
Annealed®
Annealed?
Annealedd
Annealedd
Annealed?®
Controlb

- Controlb

Controlb
Controlb
Controlb

HFO OO0 OO0 CO000RRHMRNREFRPHHEHMOOOORHHIWERREOOMM

Aﬂc
Begf brp
Bepe
%) 0
42 0
56 0
20 0
.45 0.02
58 0.02
42 0.04
43 . 0.04
43 0
46 0
42 0
56 0
.57 0
21 0
.20 0
40 0.01
b T0.02
42 0.05
45 0.04
45 0.05
.53 0.05
4B 0.08
.54 0.08
52 0.10
57 0.01
58 0.01
58 0.01
.58 0.04
.57 0.06
17 0.004
17 0.004
.19 0.018
.19 0.02
.57 0.003
.56 0.017
.52

[

Qor
h O I
Lo MW
OCOC O

0.21

COOCOCOHRMHMEHHRNOOOORRREHKHREROOHRP

.

L

N
thnwunubwEMWwSWRNNL LD WWWL SR e

=
gi—abuwmmmmmo:—aqmwo;—eummmummmuomww

L T T T S R S N

N

.

[=}
[
o
o

0.172
0.17
0.567
G.543
i.52
1.45
0.62
0.23
0.21

Cyelic Lifetime,

“Calculated
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Table AC-8 (continued)
Inclastic Strain Range Cyeclic Lifetime,
Dura:ion Components, % Cycles
o ——
Specimen Tensile Material "Calculated
No. Hold Condition Ae Using
Time Aejd .,i? Aepp Actual Actual
(hr) Ae iy b
S pe ‘ Values
D -83 1.99 0.01 Controldb" 1,45 0.02 1.43 658 215
D -85 2.0 c.1 Controld  1.48  0.03 1.45 " 203 162
p-8 2.0 0.5 Controlb 1.48 0.07 1.41 85 86
D -82 2.0 2.0 Control 1.55 0.06 1.49 146 92
b-226 2.0 0 Control® 1.55 0 1.55 914 439
p-221 1.98 0 . Control® 1.47 0 1.47 534 502
D-215 1.0 .0 . Control® 0.63 0 0.63 2,773 4,171
D-225 0.99 0 Control® 0.62 . 0. 0.62 2,603 4,341
D-239 0.78 0 Control® 0.47 0 0.47 8,334 . 8,677
D-216 0.49 0 , Control® 0.22 0 0.22 106,622 57,5884
D-220 2.02 0.01 Control® 1.56 0.03 1.53 759 151
D-235. 1.98 0.01 [C]%® Control€ 1.534  0.004 1.53 843 450
p-231 1.0 0.01 . Control® 0.64 0.023 0.617 3,465 502
D-230 4.03- 0.1 Control® 3.414  0.074 3,34 187 29
D-218 2.0 0.1 ControlC® 1.51 . 0.03 1.48 608 157
D-234 2.0 0.1 ControlC 1.49 - - 650 .
D-227 1.0 0.1 Control® 0.63 0.03 0.60 2,027 402
D-219 2.0 0.5 ContralC 1.54 0.04 1.50 446 126

3¢,lution Annealed at 1075°C followed by hellum quench

Aged 3096 hours at 600°C

Caged 5040 hours at 593°C

dyoung's Modulus, 1.540 x 105MPa, Heat 65808

€(¢c] indicates compressive hold time

.
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Table AC-9. Comparison of Actual and Predicted Cyclic Lives
for Type 316 Stainless Steel® Tested at 565°C

Inelastic Strain Range Cyclic Lifetime,
Duration Components, 7% Cycles
Total of X
Specimen Strain Tensile Material Calculated
No. . Range Hold Condition - Using
(%) Time Aein® Aegp Aepp Actual Actual
(hr) ’ Ae
_ Values
22 1.96 0.1 . Annealed 1.50 - '0.02 £;48 163 176
23 0.97 0.1 Annealed  0.64  0.01 0.63 534 776
68 1.92 1.0 - . Annealed 1.34 0.02 1.32 76 205
37 .02 0.1 agedd 155 0.03  1.52 197 148
80L 2.08 0.5 _ Agedd 1.54 0.01 1.53 B ¥ 268
60 1.00 0.5 Agedd 0.57 0.0042 0.566 366 2,200
48 1.88 1.0 Agedd 1.44 0.03 i.41 89 163
81L 1.04 1.0 Agedd 0.62 0.004 0.616 190 1,845
d

70 1.90 - 5.0 Aged 1.38 0.018 1.362 48 240

L = Uniform gage length

aAEpp expression from 5%33°C solution annealed or aged specimen data

kS

bYoung's Modulus, F = 1.83 x 10%MPa

“Heat B65808

dAged for 1000 hrs at 565°C prior to test
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Table AC-10. Comparison of Actual and Predicted Cyclic %ives
for Irradiated Type 316 Stainless Steel Tested at 593°C

Inelastic Strain Range Cyclic Lifetimes,

Tota% Durz;ion Fluence ' Components (%) ) £yfles

Spegimen el neene | IUhe M* ceteutares
) Time? B >0. 1tev Aegy® R Aeppb Actual Actual

Accp A%:pp

- Values

. D-105 2.0 0 T 2.48 1.38 0 1.38 468 . 380
D-110 0.98 0 : 1.98 0.40 0 0.40 942 1,227
D-115 0.50 0 . 2.10 0.03 0 - 0.03 15,040 14,318
D-111 2.13 0.01 [c] '1.50 1.48 '0.03 1.45 345 326
D~107 0.51 0.0l 1.02 0.07 0.009  0.061 4.621 730
D-103 2.0 0.1 2.21 1.40 0.05 1.35 50 17
D-116 1.99 6.1 (c) 1.56 1.41 0.04 1.37 495 332
D-114 1.0 0.1 2.25 0.43 0.02 . 0.41 88 93
b-106 0.5 0.1 1.85 0.08 0.006 0.074 757 937
p-113 2.0 0.5 1.98 1.39 0.07 1.32 ©12 12
D-109 1.0 0.5 2.14 0.50° 0.02 0.48 60 83
D-108 2.0 5.0 ~1.90 1.44 0.09 1.35 10 9
D~104 1.0 5.0 2.63 0.52 0.04 0.48 27 42 -

a{c] refers to compressive hold time

bUnirradiated Aepp values from 593°C tests conducted on the same heat of material, i.e.,
Heat 65808

chung's Modulus, E = 1.540 x 10°MPa
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